arXiv: 1509.0486lv2 [nucl-th] 11 Nov 2015 


Effect of A potential on the tt /tt^ ratio in heavy-ion collisions at intermediate energies 

Wen-Mei Guo^’^’^, Gao-Chan Yong^’"^Q and Wei Zuo^’^ 

^Institute of Modem Physics, 

Chinese Academy of Sciences, Lanzhou 730000, China 
^School of Physical Science and Technology, 

Lanzhou University, Lanzhou 730000, China 
^ University of Chinese Academy of Sciences, 

Beijing lOOOjO, China 

‘^State Key Laboratory of Theoretical Physics, 

Institute of Theoretical Physics, 

Chinese Academy of Sciences, Beijing, 100190 

(Dated: November 12, 2015) 

Based on the isospin-dependent Boltzmann-Uehling-Uhlenbeck(IBUU) transport model, effects of 
A resonance potential on the free n/p and 'r~ j-K^ ratios in the central collision of Au Au 
at beam energies of 200 and 400 MeV/A are studied. It is found that the effect of A potential on 
the ratio of pre-equilibrium free n/p is invisible. The effect of A isovector potential on the kinetic 
energy integrating ratio of may be observable only at lower incident beam energies and with 

stiffer symmetry energy. The strength of the A isoscalar potential affects the height of the 'k~/•k'^ 
ratio around the Coulomb peak but does not affect the kinetic energy integrating ratio of In 

heavy-ion collisions at intermediate energies, relating to the question of non-conservation of energy 
on A or TT productions, one can replace the A potential by nucleon isoscalar potential especially a 
soft symmetry energy is employed. 

PACS numbers: 25.70.-z, 21.65.Ef 


I. MOTIVATIONS 

In recent years, the research of the density dependent 
symmetry energy is still one of the hot topics in nuclear 
physics and astrophysics communities. This is simply 
because the symmetry energy governs many nuclear and 
astroplwsical phenomena, such as the cooling of neutron 
stars [If, the mass-radius relations of neutron stars 0, 
the study of Gravitational waves 0 , properties of nuclei 
involved in r-process nucleosynthesis , and observables 
in heavy-ion collisions at intermediate energies [^, 
While significant progress has been made in constraining 
the symmetry energy around saturation density d-d, it 
is rather uncertain at supra-saturation densities. For¬ 
tunately, more related experiments are currently under¬ 
way or being planed at several advanced radioactive ion 
beam facilities such as GSR/China fl^ . FRIB/USA (llf . 
GSI/Germany [1^, RIKEN/Japan |l3j |. or KoRIA/Korea 
[l^ . It thus provides more opportunities and enhances 
our confidences to study the symmetry energy although 
there are still many uncertain factors, such as the effects 
of pion potential [isl . the isospin dependence of in¬ 
medium nuclear strong interactions , the short-range 
tensor force and the tt — N — A dynamics [20l - [^ . 

It is noted that the sensitivities of the 'k~/tt^ ratio to 
the symmetry energy shown in Ref. [l^ . is quite dif¬ 
ferent from that shown in Ref. [TB|. The discrepancies 
observed among the results of different models may be 
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because the latter uses a momentum-dependent nucleon 
symmetry potential while the previous two studies use 
a momentum-independent nucleon symmetry potential. 
The momentum-dependent nucleon symmetry potential 
could increase the sensitivity of dense neutron to proton 
ratio (thus the 7r“/7r+ ratio) to the symmetry energy [^ . 
While in this study, we use a modified symmetry poten¬ 
tial which including the effects of the short-range correla¬ 
tions of neutron and proton . The short-range correla¬ 
tions of neutron and proton reduce the kinetic symmetry 
energy, the strength of the modified symmetry poten¬ 
tial is thus increased [2^. The effects of such modified 
symmetry potential on the 'k~/'k'^ ratio may be also en¬ 
larged. In the following studies, we confirmed the above 
deduction. 


In Refs. (20l - [^ it is argued that due to the difference of 
A potential and nucleon potential, threshold conditions 
of pion and A productions need to be modified. Relating 
to the question of non-conservation of energy on A or tt 
productions, in this study, we also investigate how the 
difference of A and nucleon potentials affects pion pro¬ 
duction. If the effect of A potential on 7r“/7r+ ratio can 
be neglected, one can use nucleon potential to replace 
A potential. Our study shows that one can replace the 
A potential by the nucleon isoscalar potential if a soft 
symmetry energy is employed. 
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FIG. 1: (Color online) Density-dependent A resonance potential. The left window shows A resonance potential with the soft 
(7 = 0.3) symmetry potential while right window shows that with the stiff (7 = 1.5) symmetry potential (5 = 0.2). 


II. THE IBUU MODEL AND THE POTENTIAL 
OF A RESONANCE 

In this study, we use the semi-classical transport model 
IBUU, in which a momentum-independent and isospin- 
dependent mean-field potential is adopted . The sym¬ 
metry potential reads 

UsyMv) = 

where Egymipo) = 31.6 MeV is the symmetry energy at 
saturation density, E^y^{pQ) = -6.71 MeV is the kinetic 
symmetry energy at saturation density, and 7 denotes 
the degree of stiffness of the symmetry potential. 

The isoscalar potential for A resonance has been stud¬ 
ied by many peo ple using various many-body approaches 
and interactions [251 - 1^ . Considering that the mean field 
potential of A resonance mainly depends on its interac¬ 
tions with surrounding nucleons, one can make an as¬ 
sumption that the isoscalar potential of A resonance is 
the same as that for nucleon. The isovector potential 
for A resonance can be an weighted average of that for 
neutrons and protons according to the char ge s tate of A 
resonance in the processes A o ttN [20| - I^ . It reads 


U(A-) = U(n), (2) 

C/(A0) = lu{n)E^-U{jp), (3) 

C/(A+) = ic/(n) + ^C/(p), (4) 

U(A++) = U{p). (5) 


For comparison, we also adopt the potential of A reso¬ 
nance to be equal to the isoscalar potential of nucleon as 


the other choice, i.e., 

C/a = t/o- ( 6 ) 

By phenomenology A potential has a depth of about -30 
MeV at po while nucleon potential is approximately -50 
MeV deep [ 2 ^. Therefore, one can also use the form 

C/a = ^C/o. (7) 

Shown in Fig. [T] is our used density-dependent potentials 
of A resonance with soft (7 = 0.3) and stiff (7 = 1.5) 
symmetry potentials, respectively. One can see that the 
density-dependent A potential may also depend on the 
symmetry potential used. 

HI. RESULTS AND DISCUSSIONS 

Before studying the effect of A resonance potential on 
charged pion production, it is instructive to see if A res¬ 
onance potential affects pre-equilibrium free n/p ratio. 
Fig. [5] shows the effect of A resonance potential on pre¬ 
equilibrium free n/p ratio. It is seen that whether for soft 
or stiff symmetry potentials, the form of A resonance po¬ 
tential does not affect pre-equilibrium free n/p ratio at 
incident beam energies of 200 and 400 MeV/A. Only a 
small fraction of nucleons go through A resonances in the 
whole reaction process, one thus does not see any effect 
of A potential on pre-equilibrium free n/p ratio [3l|. 

Now we move to the study of pion production. Shown 
in Fig. [3] is kinetic energy dependence of 'k~/tt'^ ratio 
with different forms of A resonance potential and differ¬ 
ent symmetry potentials (7 = 0.3, 7 = 1.5) and with 
or without pion potentials |15l | in the central collision of 
-1-197 bcam energy of 400MeV/A. Fig. 0] 








3 



t (fm/c) t (fm/c) 


FIG. 2: (Color online) Time evolution of pre-equilibrium free 
n/p ratio with different forms of A potential and nucleon 
symmetry potential (7 = 0.3, 7 = 1.5) in Au 

reaction at beam energies of 200 and 400 MeV/A, respectively. 



FIG. 3: (Color online) Kinetic energy dependence of tt'/tt’*' 
ratio with different forms of A and nucleon symmetry poten¬ 
tial (7 = 0.3, 7 = 1.5) with or without pion potentials in 
^^’^Au Au reaction at a beam energy of 400 MeV/A. 


is same as Fig. [3l but for Ehf nm. = 200 MeV/A. Unlike 
the pion potential used in Ref. (1(tI | , our pion potential in¬ 
cludes the isoscalar part and the isovector part and both 
of them are momentum dependent M- It is seen that 
the value of tt~ ratio with A resonance potential in¬ 
cluding isoscalar and iso-vector potentials is almost equal 
to that with only isoscalar A resonance potential within 
error. Around the Coulomb peak there are small dif- 



FIG. 4: (Color online) Same as Figure [3l but for the beam 
energy of 200 MeV/A. 




FIG. 5: (Color online) Effects of different forms of A reso¬ 
nance potential on 7 r“ and productions with soft symme¬ 
try potential (7 = 0.3) in central ^^’^Au Au collision at 
beam energies of 200 and 400MeV/A, respectively. 

ferences with different A resonance potentials, especially 
for different isoscalar potentials. Because differences of 
A resonance potentials with different charge states are in 
fact very small (as shown in Fig. [T]), one sees negligible ef¬ 
fect of A isovector potential on the charged 7r“/7r+ ratio. 
The general relative large discrepancy of the result corre¬ 
sponding |[/o potential is due to its larger difference from 
the other two as shown in Fig. [TJ The shallower poten¬ 
tial well of |C/o potential causes A resonance has shorter 
time to exist in nuclear matter, thus less affected by the 
Coulomb potential. Therefore, around the Coulomb peak 
[^ . the value of the 7r“/7r+ ratio is not so large. 

It is also instructive to see if A potential affects to¬ 
tal charged pion production. Shown in Fig. [5] and Fig. [5] 
are total charged pion productions at different incident 
beam energies with different A potentials and nucleon 
symmetry potentials. Again, one sees negligible effect 
of A potential on the charged tt production. Fig. [7] and 
Fig.|5]show the effect of A resonance potential on 7r“/7r+ 
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FIG. 6 : (Color online) Same as Figure [5] but with stiff sym¬ 
metry potential (7 = 1.5). 



FIG. 7: (Color online) Effects of different forms of A reso¬ 
nance potential on ratio with soft symmetry potential 

(7 = 0.3) in Au - 1 - 1 ®'^ Au reaction at beam energies of 200 
and 400MeV/A, respectively. 


ratio with soft and stiff symmetry potentials (7 = 0.3, 
7 = 1.5) at beam energies of 200 and 400MeV/A, re¬ 
spectively. One sees negligible effect of A potential on 
the charged tt production at higher incident beam energy 
Ebeam = 400 MeV/A whereas one may see observable ef¬ 
fect (about 5%) of A potential on the 7 r“/ 7 r+ ratio at 
lower incident beam energy Ebeam = 200 MeV /A, espe¬ 
cially for the stiff symmetry potential. The stiff sym¬ 
metry potential causes larger difference among different 
charged (i.e., different isospin-dependent) A potentials. 
It is not surprise to see larger value of ratio with 

the isovector A potential. 

Since A resonance lies in different reaction periods, it 
is thus interesting to see in which reaction period the 
A potential shows sensitivity to the 7 r“/ 7 r+ ratio. In 
order to know in which reaction period the ratio 

shows sensitivity to the A potential, similar with previous 
studies [H, 113 , in the whole reaction process 0 < t < 40 
fm/c we use C/a = 0 as the standard calculation, which 



FIG. 8 : (Golor online) Same as Figure [3 but with stiff sym¬ 
metry potential (7 = 1.5). 
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FIG. 9: (Color online) Relative sensitivity of the A resonance 
potential to the tt'/tt''' ratio in different reaction periods in 
Au Au reaction at a beam energy of 400MeV/A. 


gives a value of i?o, i-e., 

^0<t<i0fm/c 

To see the relative sensitivity in different reaction periods 
(i.e., ti < 10/to/c, 10 /m/c < t 2 < 20fmfc, 20fmfc < 
ts < 30fm/c, 30fm/c < < 40 / to / c ), we turn on the 

A potential (e.g. C/a = 2/3Uf) in one reaction period but 
keep it null in the residual reaction period. We thus get 
the other value of the 7 r“/ 7 r+ ratio Ri, i.e., 

= 1,2,3 A)- ( 9 ) 

By comparing these new computational results with the 
standard calculation i?o, one can obtain the relative sen¬ 
sitivity in a certain reaction period, i.e., x 100 . 
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Shown in Fig. is the decomposition of the sensitivity 
of the A resonance potential to the 7r“/7r+ ratio in dif¬ 
ferent reaction periods. It is seen that the effect of A 
resonance potential on the 7r“ /tt^ ratio in different reac¬ 
tion periods are not more than 2%, thus the total effect 
of A resonance potential on the 'k~ ratio is roughly 
5%. As expected, the maximal effect of A resonance po¬ 
tential on the ■K~ ratio is in the maximal compression 
period of the reaction. 

IV. CONCLUSIONS 

In summary, in the framework of the isospin-dependent 
Boltzmann-Uehling-Uhlenbeck(IBUU) transport model, 
we studied the effects of A resonance potential on the free 
n/p and 7r“/7r+ ratios in Art reaction at beam 

energies of 200 and 400 MeV/A. It is shown that the 
effect of A potential on the ratio of pre-equilibrium free 


n/p is negligible. The effect of A potential on the ratio of 
'K~I'K'^ may be observable only at lower incident beam 
energies. Relating to the question of non-conservation 
of energy on A or tt productions in heavy-ion collisions, 
one can replace A potential by nucleon isoscalar potential 
especially a soft symmetry energy is employed. 
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